The periodontal ligament (PDL), which connects the teeth to the alveolar bone, is essential for periodontal tissue homeostasis. Although the significance of the PDL is recognized, molecular mechanisms underlying PDL function are not well known. We report that mohawk homeobox (Mkx), a tendon-specific transcription factor, regulates PDL homeostasis by preventing its degeneration. Mkx is expressed in the mouse PDL at the age of 10 weeks and expression remained at similar levels at 12 months. In Mkx −/− mice, agedependent expansion of the PDL at the maxillary first molar (M1) furcation area was observed. Transmission electron microscopy (TEM) revealed that Mkx −/− mice presented collagen fibril degeneration in PDL with age, while the collagen fibril diameter gradually increased in Mkx +/+ mice. PDL cells lost their shape in Mkx −/− mice, suggesting changes in PDL properties. Microarray and quantitative polymerase chain reaction (qPCR) analyses of Mkx −/− PDL revealed an increase in osteogenic gene expression and no change in PDL-and inflammatory-related gene expression. Additionally, COL1A1 and COL1A2 were upregulated in Mkxoverexpressing human PDL fibroblasts, whereas osteogenic genes were downregulated. Our results indicate that Mkx prevents PDL degeneration by regulating osteogenesis.
INTRODUCTION
The periodontal ligament (PDL), one of the periodontal tissues, connects the teeth with the alveolar bone. The PDL plays diverse roles, supplying nutrients to periodontal tissues and providing sensory input to the masticatory system, and has a self-repair ability. Thus, the PDL is important for maintaining homeostasis of periodontal tissues, including the gingival tissue, dental pulp and teeth (Avery, 2000; Beertsen et al., 1997) . Once a tooth erupts, the PDL receives occlusal loading. The loss of PDL due to inflammation, injury or aging leads to ankylosis, which causes many clinical problems, such as root resorption. Although the PDL is composed of heterogeneous cell types such as fibroblasts, osteoblasts, osteoclasts, cementoblasts, endothelial cells, sensory cells and their progenitor or stem cells (Beertsen et al., 1997; Maeda et al., 2011; Ueda-Maeda, 2006) , fibroblasts are responsible for the fibrous attachment of the PDL. The components of PDL include type I collagen (70-80%), other types of collagen (type III, IV, V, VI and XII collagens), and other extracellular matrix proteins such as periostin (Postn), glycoproteins and proteoglycans, all of which are mainly produced by PDL fibroblasts (Aukkarasongsup et al., 2013; Beertsen et al., 1997; Ma et al., 2011; Rios et al., 2005; Sloan, 1979; Ahuja, 2012) .
In recent years, the genes underlying PDL function have been extensively studied. For example, scleraxis (Scx) is known to be an important transcriptional factor for PDL development through expression of type I collagen and Postn Seo et al., 2004; Takimoto et al., 2015; Yokoi et al., 2007) . Mutations in type I collagen and Postn cause the abnormal development of PDL in mice (Rios et al., 2005) . In contrast, the molecular mechanism responsible for the maintenance of PDL homeostasis has never been clarified.
We previously developed a database termed EMBRYS (http://embrys.jp/embrys/html/MainMenu.html), representing the expression data of 1520 transcription factors during mouse embryo development. Based on this database, we identified transcriptionregulating genes expressed during murine molar development (Uchibe et al., 2012) . The transcription factor mohawk homeobox (Mkx), a member of the three-amino-acid loop extension (TALE) superclass of atypical homeobox genes, is expressed in the embryonic progenitor cell populations of the cartilage, skeletal muscle, tendons and bones, in addition to the tips of the ureteric buds in the metanephric kidneys and the testis cords of the male gonad testis in the mouse embryo (Anderson et al., 2006) . Additionally, Mkx plays a crucial role in tendon maturation by regulating the expression of type I collagen (Ito et al., 2010; Liu et al., 2010; Nakamichi et al., 2016; Onizuka et al., 2014; Suzuki et al., 2016) . However, the significance of Mkx in the PDL has never been explored.
Herein, we report that Mkx is expressed in the PDL and regulates collagen fibril degeneration with age. Importantly, artificial control of Mkx expression in human PDL fibroblasts led to the successful management of the quality of PDL fibroblasts. Thus, our results indicate that Mkx plays a unique and important role in PDL homeostasis and provide a novel insight into the biology of the PDL.
RESULTS

Mkx expression in the PDL
To establish the role of Mkx in periodontal tissues, we analyzed Mkx expression in 10-week-old Mkx +/− mice, which express Venus fluorescent protein under the control of the Mkx promoter. Venus signals were located in the PDL region between the teeth and the alveolar bone, but Venus was not detected in the pulp, dentin or enamel tissue (Fig. 1A) . qPCR analysis revealed that the level of Mkx mRNA in the PDL tissue of 10-week-old Mkx +/+ mice was much higher than that in the tendon, in which Mkx is known to be expressed ( Fig. 1B) (Ito et al., 2010; Liu et al., 2010) . These observations indicate that Mkx is specifically and highly expressed in the PDL. Moreover, we verified whether Mkx is also expressed at later stages. In 12-month-old mice, Venus signals remained similar to those observed in 10-week-old mice (Fig. 1C) . Using qPCR analysis, we confirmed mRNA expression of the Mkx gene in the maxillary molar region, which includes the PDL, in 12-month-old Mkx +/+ mice (Fig. 1D) .
Acceleration of PDL degeneration in Mkx
The observation of restricted expression of Mkx in the periodontal tissue led us to investigate its role in the PDL. Although no significant changes were observed in the PDL of 10-or 6-month-old Mkx −/− mice compared with Mkx
, the PDL space of the 1st molar (M1) furcation area expanded, and the alveolar bone surface became uneven and jagged in 12-month-old Mkx −/− mice ( Fig. 2A , Figs S1 and S2). In contrast, expansion of the PDL space was not observed in the area around the medial, distal-root or each apical area of the 1st molar in 12-month-old Mkx −/− mice ( Fig. 2A, Fig. S2 ). The expansion was also not observed in the PDL of 2nd or 3rd molars (Fig. S3) . However, the PDL space in the M1 furcation area clearly expanded, with a 1.5-to 2.4-fold increase in 12-month-old Mkx −/− mice compared with Mkx +/+ mice (Fig. 2B ). In addition, TEM analysis revealed that the diameter of PDL collagen fibrils in Mkx +/+ mice increased gradually over 12 months and their cross-sectional shape remained nearly round. However, in Mkx −/− mice, the maintenance mechanism of collagen fibrils completely collapsed by 12 months, as indicated by the small diameter and irregularity of the margin of collagen fibrils in cross-sectional images (Fig. 2C) . Thus, collagen fibrils in the PDL degenerated with aging. These results suggest that Mkx plays an important role in the homeostasis of PDL tissues, but not in PDL development. However, we observed that thickening of PDL collagen fibrils with age in Mkx +/+ mice has little effect on the physical strength of PDL collagen. We hypothesize that this thickening is one of the degenerative changes in PDL.
Osteogenic changes of the PDL in Mkx −/− mice To gain further insights into the role of Mkx in PDL maintenance, the PDL tissues were investigated at the cellular level. In Mkx +/+ mice, cells with various shapes were observed, supporting a previous report that the PDL tissue is composed of a variety of cells in addition to PDL fibroblasts (Beertsen et al., 1997) . In contrast, although the cells in Mkx −/− mice were normal at the age of 10 weeks, the cells in 6-month-and 12-month-old Mkx −/− mice were uniformly large. In addition, cells with a spindle shape, which is a typical feature of fibroblasts, were not observed in 12-month-old Mkx −/− mice (Fig. 3A) . Moreover, TEM analysis using higher magnification ( Fig. S4 ) indicated that PDL cells in 10-week-old Mkx +/+ and Mkx −/− mice had similar shapes. These spindle-shaped cells, each of which had a large ovoid nucleus and well-developed rough endoplasmic reticulum, produced large quantities of collagen. These cells have several morphological characteristics of fibroblasts. Additionally, in Mkx +/+ mice, cells in the PDL had fibroblast-like features and produced large quantities of collagen. However, in 12-month-old Mkx −/− mice, these cells resembled osteoblasts or osteocytes, which are known to have an irregular outline and are covered within a lacuna surrounded by extracellular matrix (osteocyte lacuna). Surprisingly, these cells produce large quantities of black ovoid matrix vesicles, which probably contain hydroxyapatite crystals and are an indication of initial ossification. Taken together with the accumulation of substances such as calcified deposits in the Mkx −/− PDL tissue, these cell properties in Mkx −/− mice suggest changes in PDL cells that are characteristic of osteogenic cells (Fig. S4) .
Consistently, the expression of osteoblast-related genes such as Sp7 (encoding osterix), Atf4, Alpl (encoding alkaline phosphatase), Runx2 and Bglap (encoding osteocalcin) was increased in the PDL tissue of Mkx −/− mice (Fig. 3B) , whereas the expression of PDL-related genes was almost unchanged (Fig. S5) .
Furthermore, we noted that multi-nucleated cells appeared around the site of alveolar bone erosion (Fig. 3C,D) . Tartrate-resistant acid phosphatase (TRAP) staining analysis also indicated enhancement of bone resorption in the 12-month-old Mkx −/− mice at the M1 furcation area (Fig. 3E ). In addition, since the expression of osteoclast-related genes increased in the PDL tissue of Mkx −/− mice (Fig. 3F) , it is possible that the multi-nucleated cells are boneresorbing osteoclasts. It is well known that osteogenic cell lines such as osteoblasts and osteocytes produce an osteoclast differentiation factor, RANKL (encoded by Tnfsf11), and an osteoclast differentiation inhibitory factor, OPG (encoded by Tnfrsf11b), and that the ratio of RANKL/OPG is crucial for osteoclast differentiation (Aubin and Bonnelye, 2000) . As shown in Fig. 3G , the RANKL/ OPG ratio was elevated upon the increase of RANKL and decrease of OPG in Mkx −/− mice. Generally, RANKL expression in fibroblasts is induced by the inflammatory cytokines, TNF, IL-1β and IL-6, in certain pathological conditions such as rheumatoid arthritis. However, the expression of inflammatory cytokines was not changed in the PDL tissue of Mkx −/− mice (Fig. S6) , suggesting that RANKL induction is independent of inflammation and supporting the cell-autonomous change of PDL cells to osteogenic cells.
Regulation of PDL cell homeostasis by artificial Mkx expression
The finding of the significant role of MKX in the maintenance of PDL tissue prompted us to examine the effect of artificial expression of Mkx in PDL cells in vitro. For this purpose, we used human PDL (hPDL) fibroblasts, in which MKX is highly expressed (Fig. 4A) . When MKX expression was decreased, there was a slight but significant decrease in POSTN expression. However, expression of SCX, which is known to be an important transcriptional regulator of PDL development (Brent et al., 2003; Seo et al., 2004) , tended to increase, but not significantly, and the expression of collagens such as COL1A1 and COL1A2 was not affected (Fig. 4B) . These results were consistent with the observation that PDL-related gene expression was almost unchanged in the PDL tissue of Mkx −/− mice (Fig. S5) . In contrast, Mkx overexpression in hPDL fibroblasts resulted in a dramatic increase in COL1A1 and COL1A2 expression and a slight decrease in SCX expression. More importantly, the expression of osteogenic genes such as SP7, ALPL and RUNX2 was suppressed by Mkx overexpression in hPDL fibroblasts (Fig. 4C) .
These results indicate that Mkx regulates PDL homeostasis by supporting the expression of collagens and by inhibiting degeneration through the suppression of osteogenic-related gene expression in PDL cells (Fig. 4D) .
DISCUSSION
PDL plays an essential role in periodontal tissues by stabilizing the teeth and absorbing mechanical stress during the chewing process. Thus, several dental diseases such as chronic periodontitis and periapical periodontitis are closely related to PDL disorders. Although PDL reconstitution has not been established, PDL regeneration should improve tooth substitution techniques (Chen and Jin, 2010; Dangaria et al., 2011) . The identification of a key transcription factor regulating PDL development and homeostasis should contribute to therapeutic advancement in the dental field.
Here, we showed that Mkx is specifically expressed in the PDL, but not in the enamel, dentin or dental pulp. This restricted Mkx expression in the PDL suggests that Mkx is involved in PDL functions. The PDL of 10-week-old Mkx −/− mice did not show significant phenotypes, whereas the PDL of the Mkx −/− mice at 6 months and 12 months showed accelerated degenerative changes compared with the PDL of age-matched Mkx +/+ mice, including (1) expansion of the PDL at the furcation area, (2) abnormal collagen fibril structure, (3) loss of PDL cell morphology, (4) disordered gene expression profile, (5) alveolar bone surface irregularity and (6) abnormal appearance of multi-nucleated cells in PDL tissues. We previously showed that the platysma tendons, as well as the other tendons in Mkx −/− mice, are markedly hypoplastic; however, there was no difference in body weight between Mkx +/+ and Mkx −/− mice, suggesting that food intake was not altered in Mkx −/− mice (Ito et al., 2010) . These observations, along with the fact that Mkx is highly expressed in PDL (Fig. 1) , indicate the direct function of Mkx in PDL homeostasis.
Degenerative changes and PDL space expansion are commonly observed in periapical periodontitis, which is a severe and incurable dental disease. Damaged PDL in periapical periodontitis causes serious symptoms such as percussion pain, local fever, gingival swelling and cyst formation, and may eventually lead to tooth loss. Additionally, it is known that the PDL in periapical periodontitis is excessively expanded with the accumulation of inflammatory cells (Page and Schroeder, 1976) . We previously observed that Mkx expression in human tendon cells is downregulated by inflammatory signals such as IL-1β stimulation (Nakahara et al., 2013) . Inflammatory markers were not elevated in Mkx −/− mice, suggesting that PDL degeneration is due to changes in the expression of PDL-and osteogenic-related genes rather than inflammation (Fig. S6) , or at least indicating that the PDL was not undergoing acute inflammatory changes. Although the pathogenesis of periapical periodontitis is not fully elucidated, chronic inflammation in periapical periodontitis may also promote the PDL degenerative process via Mkx expression.
The molecular mechanisms of the PDL degenerative changes in Mkx −/− mice can be explained by the function of Mkx as a transcription factor. In keeping with the findings of the PDL analysis in Mkx −/− mice, gene expression analysis in MKXsilencing and Mkx-overexpression experiments using hPDL fibroblasts revealed that MKX strongly and specifically promotes the expression of a set of extracellular matrix genes related to PDL tissue formation, including COL1A1 and COL1A2, which are similar to those reported in mesenchymal stem cells (Liu et al., 2015; Otabe et al., 2015) . In particular, in PDL cells, Postn, which is among the extracellular matrix adhesion molecules mainly expressed in the bone, periosteum, and PDL tissues (KruzynskaFrejtag et al., 2004; Ma et al., 2011; Rios et al., 2005) , was significantly decreased in the M1 PDL in 10-week-old Mkx −/− mice in vivo. In addition, Postn-deficient mice exhibit a phenotype of vertical PDL expansion and alveolar bone resorption in the M1 furcation area (Horiuchi et al., 1999; Rios et al., 2008) , suggesting that PDL phenotype in Mkx −/− mice could, in part, be due to the suppression of Postn. If PDL width is expanded because of the absence of Postn and consequently loses its physical strength, it is possible that PDL has a compensating mechanism, and it changes to an osteogenic phenotype. In addition, we recently reported ChIPseq analysis and found Mkx binding peaks around the Sp7 and Runx2 gene loci, indicating that these genes are also potential targets of Mkx .
Scx is another transcription factor involved in PDL formation (Takimoto et al., 2015) . Notably, we found that Scx expression is regulated by Mkx in PDL cells. It is also interesting to note that Scx expression increased in the absence or suppression of Mkx, suggesting a compensatory mechanism that prevents a drastic decrease in Col1a1, Col1a2 and other PDL-related genes.
In aged mice, smooth alveolar bone surface of PDL gradually changes to a jagged or uneven boundary with age (Severson et al., 1978) . However, the surface irregularity was severe in Mkx −/− mice, suggesting that the absence of Mkx gene expression promotes the aging process of PDL. In Mkx −/− PDL, we also observed osteogenic differentiation of PDL cells and increased number of migrated multi-nucleated (osteoclast-like) cells with an upregulation of the RANKL/OPG ratio. These results indicated that Mkx may be crucial for maintaining PDL cell characteristics, and loss of Mkx may cause abnormal differentiation into osteogenic cells. Although we could not exclude the possibility that multiple cell populations including progenitor cells and putative stem cells in PDL may affect the osteogenic changes in Mkx −/− PDL, we did confirm that dysregulation of MKX affects osteogenic genes in hPDL cells. In this regard, alveolar bone resorption in the PDL of Mkx −/− mice could be a secondary effect of these osteogenic changes and decreased stability of PDL.
In humans, the PDL gradually degenerates during the aging process. In elderly subjects, the PDL shows atrophic changes and loss of function (Sloan, 1995) . We reported that MKX expression in human tendon cells is reduced with age, indicating a function of MKX in tendon homeostasis (Nakahara et al., 2013) . In this regard, the detailed analysis of potential Mkx expression changes with age, both in humans and mice, may lead us to uncover new information about the pathogenesis of PDL-related diseases. The potential application of MKX to promote PDL-related gene expression should provide a basis for advancement in PDL regenerative medicine.
MATERIALS AND METHODS
Experimental animals
Venus knock-in Mkx deletion mice have been previously described (Ito et al., 2010) . Briefly, the Venus gene encoding an improved green fluorescent protein (GFP) was inserted in exon 2 of the Mkx gene. Mkx 
Histological analysis and immunohistochemistry
For histological analysis, maxillary periodontal tissues of 10-week-, 6-month-and 12-month-old mice were fixed with PBS containing 4% paraformaldehyde (4% PFA/PBS) at 4°C overnight and decalcified with Morse's solution for 4-8 weeks (Morse, 1945) . After the tissues were dehydrated, embedded in paraffin and sectioned, each section was stained with hematoxylin and eosin (H&E) (Wako, Saitama, Japan). For immunohistochemistry, anesthetized mice were perfused with 4% PFA/ PBS containing 20% sucrose, and periodontal tissues around the maxillary first molar of 10-week-old mice were dissected. The paraffin sections were prepared as described previously (Takimoto et al., 2015) . Anti-GFP antibody Nagoya, Japan, 1:500) and Alexa Fluor 488-conjugated secondary antibody (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA, 1:500) were used for detection of the Venus fluorescent protein. The sections were incubated with the primary and secondary antibodies for 1 h at room temperature and nuclei were stained with Hoechst 33342 (Fisher, 1:2000) . After immunohistochemical analysis, the sections were counterstained with H&E (Section Lab, Hiroshima, Japan). These experiments were performed with at least three independent samples to confirm reproducibility.
Measurements of PDL width in the M1 furcation area PDL width in the M1 furcation area was measured as shown in Fig. S1 using a microscope measurement tool (cellSens, Olympus, Tokyo, Japan). The points were at equal distance from each other and the edge of the maxillary first molar (M1) furcation area. The average value of the two points ( points d and e in Fig. S2 ) was determined.
Transmission electron microscopy (TEM) and Toluidine Blue staining
Tissues, including the maxillary 1st molar and surrounding bone, were dissected and were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB) for 2 h. After washing with 0.1 M PB for 1 h, the tissues were post-fixed with 1% OsO 4 in 0.1 M PB for 2 h. The tissues were dehydrated in a graded series of ethanol and embedded in Epon812. Before sectioning, Epon block samples were prepared by cutting the enamel area. Ultrathin (90 nm) sections were collected on copper grids, double-stained with uranyl acetate and lead citrate, and then examined by TEM (H-7100, Hitachi, Tokyo, Japan) (Ichinose et al., 2010) . Semi-thin (1 μm) sections were collected on glass slides and stained with Toluidine Blue. In order to analyze PDL levels (M1 furcation area) of all the samples with TEM, we used Toluidine Blue staining to orient the images so that both the bucco-mesial (MB) and distal (DB) roots of the 1st molar were visible.
RNA isolation, reverse transcription and qRT-PCR
Total RNA was isolated from the PDL of 10-week-old Mkx +/+ and Mkx −/− mice using Isogen (Nippongene, Tokyo, Japan). Briefly, all the molars of upper and lower sides were pulled out and immediately immersed in ISOGEN. The molar samples from at least two mice were pooled and RNA was extracted. However, in 12-month-old mice (Fig. 1D) , the maxillary region including three molars and surrounding alveolar bone were extracted as one lump and frozen with liquid nitrogen. Lumps were then ground with a mortar and RNA was extracted. Reverse transcription and qPCR were performed using ReverTra Ace (Toyobo, Osaka, Japan) and Thunderbird Master Mix (Toyobo), respectively. The expression of Gapdh was used as an internal control. Each sample was analyzed in triplicate, and the results were confirmed by at least three independent experiments. Primer sequences used for qPCR are listed in Table S1 .
TRAP (tartrate-resistant acid phosphatase) staining
For TRAP staining, maxillary periodontal tissues of 12-month-old mice were fixed with 4% PFA/PBS at 4°C overnight and decalcified with 17.7% EDTA (Osteosoft, Merck, Tokyo, Japan) for 4 weeks. Then, paraffin sections were dehydrated, embedded and sectioned. Each section was stained using the TRAP Stain kit (Wako) according to the manufacturer's instructions.
Microarray analysis
RNA samples of 10-week-and 4-week-old mice PDL were prepared as described above. Microarray analysis was performed using Agilent Sure Print G3 Mouse Gene Expression arrays (8×60 K v2, Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions.
Cell culture
hPDL fibroblasts (Clonetics CC-7049 HPdLF, Lonza, Walkersville, MD, USA) were maintained at subconfluence using SCGM BulletKit (CC-3205, Lonza) at 37°C in a humidified 5% CO 2 incubator. The adenoviruses expressing either FLAG-Mkx or lacZ were generated with the Invitrogen ViraPower Adenoviral System (Thermo Fisher Scientific, Waltham, MA, USA) and purified using an Adeno-X Maxi Purification Kit (Clontech Laboratories, Mountain View, CA, USA). Titration of adenoviruses was determined using the Adeno-X Rapid Titer Kit (Clontech Laboratories). Seventy-two hours after infection, cells were collected and RNA was extracted.
To silence MKX expression, vectors for MKX siRNA (cat. no. SI04222064 Hs_MKX_3 FlexiTube siRNA, Qiagen, Hilden, Germany) or a negative control (cat. no. SI03650318, Qiagen) were used. The hPDL fibroblasts were transfected with Lipofectamine RNAiMax transfection reagent (Life Technologies, Thermo Fisher Scientific). At 48-72 h hours after transfection, RNA was extracted and purified.
qPCR was performed with specific primers for human genes as listed in Table S1 .
Western blotting
Whole-cell lysates were prepared from FLAG-Mkx-expressing or control hPDL fibroblasts using RIPA buffer supplemented with 10 mM NaF, 1 mM Na 3 VO 4 , and protease inhibitor cocktail. The samples were subjected to western blot analysis with mouse anti-FLAG M2 antibody (F1804, Sigma-Aldrich, St Louis, MO, USA), mouse anti-β-actin antibody (AC-74, Sigma) for primary antibodies, and anti-mouse IgG-HRP for secondary antibody.
Statistical analysis
All data are expressed as the mean±s.e.m. The two-tailed independent Student's t-test was used to determine the level of significance. The probability level accepted for significance was P<0.05. Asterisks in figures indicate differences with statistical significance as follows: *P<0.05, **P<0.01 and ***P<0.001, throughout the manuscript.
